Introduction
The effects of a fleet of stratospheric aircraft (high speed civil transports, or HSCTs) on the chemistry of the stratosphere have been a subject of considerable interest since the early 1970s [Johnston, 1971] Heterogeneous chemical reactions occurring on the surfaces of stratospheric particulates play a very important role in lower stratospheric chemistry. In the polar regions, heterogeneous reactions on polar stratospheric clouds (PSCs) result in the annual formation of the ozone hole during the southern hemisphere spring [Solomon, 1990] . Throughout the lower stratosphere, heterogeneous reactions occurring on the stratospheric sulfate aerosol (SSA) layer are important to the partitioning of total odd nitrogen species, which increases 18,880
CONSIDINE ET AL.: EFFECTS OF POLAR STRATOSPHERIC CLOUDS ON OZONE
the sensitivity of Oa to changes in stratospheric chlorine loading [Hofmann and Solomon, 1989; Considine et al., 1992; Granier and Brasseur, 1992] . Heterogeneous reactions on SSAs also change model predictions of Oa depletion due to HSCTs significantly [Ko and Weisenstein, 1993] . Models incorporating these reactions predict HSCT-induced column Oa depletions that are typically 3 to 4 times smaller than those predicted by purely gas phase models. At some locations and times of year, simulations with SSAs included show column Oa increases with the addition of the HSCT fleet [Weisenstein et al., 1991] . Note that in these studies, the effects of PSCs have not been considered.
SSAs are primarily liquid droplets of H2SO4 and H20. Conditions are favorable for their formation and growth throughout the lower stratosphere, resulting in a relatively uniform global distribution [Hamill et al., 1977; Turco et al., 1982] . PSCs are divided into two types, denoted Type 1 and Type 2 PSCs. Type I PSCs are thought to be primarily frozen nitric acid trihydrate (NAT), while the Type 2 PSCs are frozen H20 [Turco et al., 1989] . The formation temperatures of these particles are low so they occur most frequently in the polar regions, unlike SSAs.
Because PSCs are largely confined to the poles, it has been thought that their inclusion would only have a small effect on HSCT-induced Oa depletion. However, stratospheric concentrations of odd nitrogen (NOy, where NOy -N q-NO q-NO2 q-NO3 q-2N20• + HNOa + HO2NO2 q-C1ONO2) and H20 are expected to increase significantly from an HSCT fleet . Since the formation of PSCs depends on ambient concentrations of NOy and H20, there is a possibility that the introduction of a stratospheric aircraft fleet would significantly increase the fi'equency of occurrence of PSCs away from the poles. Peter et al. [1991] concluded that an HSCT fleet could double the Type 1 PSC formation probability in the lower stratosphere, at 70 ø between December and March, with even larger increases for Type 2 PSCs. Clearly, the effects of increases in PSC formation frequencies on predictions of HSCT-induced Oa depletion should be evaluated.
Prediction of PSC formation in a 2-D model is diffi-
cult because 2-D models rely on zonal mean temperature distributions. These are generally too warm to support PSC formation In this paper we discuss a method of calculating Type 1 and Type 2 PSC distributions that uses model HNOa and H20 fields combined with climatological distributions of temperature probability of occurrence obtained fi'om National Meteorological Center (NMC) temperature data. The use of the temperature distributions allows for a more accurate PSC occurrence prediction. The modeled PSCs also respond to HSCT perturbations so that aircraft perturbation scenarios can be conducted. The technique allows the calculation of the probability of cloud occurrence, the amount of HNO3 and H20 removed from gas phase in the production of the clouds, and the surface area density of the clouds. It is important to stress that this parameterization is not a microphysical model of PSCs. It is an attempt to realistically characterize PSC behavior in a 2-D model so that the model can be used for assessments.
The parameterization is first presented and validated by comparison to stratospheric aerosol measurement (SAM) II observations of PSC occurrence. Next, the changes it induces in the model Oa field are examined. Following this we discuss the effects the parameterization has on the model response to a change in stratospheric chlorine loading and on predictions of O3 depletion due to an HSCT perturbation.
Model Description
The model used for this study is the Goddard Space particle. This assumes that the H20 and HC1 are readily available on the particle surface. We also assume that the reaction products desorb from the surface immediately after the reaction.
Given the above picture of the heterogeneous reaction process, each reaction rate will depend on the surface area density of the aerosol, A (the total surface area available on the particles contained in a unit volume of the atmosphere), the mass accommodation or The sticking coefficient, 7, can be interpreted as the probability that a collision of C1ONO2 or N20• with an aerosol particle will result in a reaction. The 7 values for the above four reactions have been measured in sponds to 1990 conditions. These are taken from WMO [1990] and are shown in Table 2 As mentioned above, the probability that PSCs nucleate is not generally equivalent to the probability that the atmosphere becomes saturated with respect to PSC formation. Figure 2c shows the NAT nucleation probability on the 120-mbar surface, which can be compared with Figure 2a . In the northern hemisphere and the tropics, the nucleation probabilities are much smaller than the saturation probabilities at the same location. In the southern hemisphere the nucleation probabilities are substantially smaller than the saturation probability, but the differences between the two quantities are not large compared to the northern hemisphere and tropical differences. The same relationships apply at higher altitudes as well.
The probability that a PSC exists at a particular location is not equivalent to either the saturation or the nucleation probability. Instead, the quantity should be bracketed by the saturation and nucleation probabilities. If a region drops below the nucleation temperature and a PSC forms, the PSC can remain when the region warms above the nucleation temperature, as long as the temperature does not exceed the saturation tem- The calculated nucleation probabilities for the northern and southern hemispheres are shown in Figures 4a  and 4b , respectively. The nucleation probability is significantly smaller than the saturation probability and the observed frequency of PSC occurrence. In the value of just over 0.2 is somewhat higher in magnitude southern hemisphere the nucleation probability and the than the observed peak value of 0.14. The peaks are essentially collocated given the 10-day time resolution 
PSC Surface Area Density Distributions
To assess the effects of PSC formation on predictions of aircraft-induced Oa depletion, it is necessary to determine the surface area density distribution characterizing the clouds that form. This can be accomplished using temperature probability distributions. Consider a parcel of air that cools to a temperature T < Tn NAT.
Assume that the parcel has an ambient HNOa number density [HNOa]. Condensation in this parcel will begin when [HNO3] > SNAT[HNO3]NAT(T), where 8NAT is the supersaturation ratio and [HNOa]N^T(T) is the HNOa number density in equilibrium with NAT aerosols at temperature T. The amount of HNOa that will condense is simply the difference' /XEHNOa](T ) -[HNOa]-EHNOa]N^m(T). (7)
For this paper we use a supersaturation ratio SNAT --10. This corresponds to an approximately 3 K reduction in the temperature at which NAT aerosols will form and is in accord with calculations [Peter et The temperature probability distribution characterizing the atmosphere at a particular latitude, altitude, and month is given by P(T, 4i,pj, ink), as described above, and P(T, ½i, Pj, mk)dT gives the fraction of the atmosphere during the month at (½i, Pj) that exists at the temperature T. This can therefore be used as a weighting function to determine the total amount of HNOa that condenses at (½i,pj): To convert this to surface area density, an assumption about the particle size distribution and characteristic particle size must be made. We assumed a lognormal distribution with a mode radius r a = 1 Fm and standard deviation rr = 1.8.
A similar procedure can be used to determine the amount of H20 that is removed from gas phase by condensation of Type 2 PSCs. To calculate the surface area density we assumed a lognormal distribution with mode radius r a = 10 /•m and standard deviation rr = 1.8.
The supersaturation ratio used was sICE = 1.4, which corresponds approximately to a 2 K reduction in the condensation temperature. We assume that the aerosols are advected as passive tracers and are also subject to particle sedimentation. The sedimentation velocity used is that of the particle mode radius, calculated according to Kasten [1968] . In gridboxes where ice aerosols form, the NAT aerosols sediment at the same velocity as the ice aerosols for that fraction of the gridbox that is saturated with respect to both ice and NAT. This is done with the idea that the NAT aerosols in a region where ice aerosols form act as condensation nuclei for the ice, and are therefore sedimented out at the same velocity as the ice particles. Sedimentation of NAT and ice aerosols produces strong denitrification and dehydration of the southern hemisphere high latitude during late winter and spring. Northern hemisphere high-latitude dehydration and denitrification occurs but is relatively weak. The ice aerosol stirface area density in the northern hemisphere is quite small, but in the tropics the valties exceed the calculated NAT surface area densities by about a factor of 2. This occurs even though the region is saturated with respect to ice formation (Figtire 2b ) less frequently than with respect to NATs. In the southern henrisphere, peak stirface area densities are about a factor of 3 larger than the peak NAT values. (Figures 6a and 5a) . In the southern hemisphere, the increase is about as large as the northern hemisphere increase but is not as large a fraction of the preexisting NAT surface area densities.
The increase in ice surface area density (Figure 6b Large systematic spatial differences in the cooling rate of parcels may change the distribution of PSC surface area density as a function of latitude and altitude. The values of the surface area density also depend on the choice of mean radius. Doubling the radius will halve the surface area density, and reducing it by a factor of 2 will increase the surface area density by a factor of 2. The qualitative results of this paper are not affected by relatively large changes in these assumptions, as is shown in Table 3 
Effects of PSCs on Ozone
When the PSC parameterization described above is incorporated into the model, the model fields respond to the heterogeneous reactions catalyzed by the clouds, the sequestering of gas phase HNO3 and H20 into cloud particles, and to permanent denitrification and dehydration. As a result, column O3 decreases significantly. The largest reductions occur in the southern hemisphere high latitudes, in late spring and early summer. Figure 7a shows the column O3 predicted by the model for 1990 boundary conditions, without PSCs. When PSCs are introduced, the column O3 responds, as seen in Figure 7b . The southern hemisphere high latitudes show a feature similar to the 03 hole which begins in late August and reaches its maximum depth in early to mid November. The percent reduction in column O3 caused by the introduction of the PSC parameterization is shown in Figure 7c . The maximum reduction in the southern hemisphere high latitudes is about 45%.
The model southern hemisphere O3 minimum occurs later in the year than the observed Antarctic O3 minimum. This is probably due to the model residual circulation and the fact that parcels of air in the 2-D model are not subjected to insolation from nonzonal parcel excursions such as exist in the real atmosphere. The appearance of the O3 minimum is delayed because photolytic reactions drive the depletion. 
Effects of PSCs on Aircraft Perturbation Predictions
The PSC frequencies of occurrence calculated above compare fairly well with SAM II observations, and the parameterization produces the expected changes in colunto O3 when it is added to the model. Both Type i and 2 cloud formation is considered, as are supersaturation effects and particle sedimentation. The parameterization thus seems to be a reasonable characterization of PSC behavior. Since it responds to increases in NOx and H20 from stratospheric aircraft, it can be used to gauge the magnitude of the effect of PSCs on HSCTinduced Oa depletion. PSC parameterization is not as large as occurs without the parameterization. Also, the column O3 increases with the PSCs are a bit larger than the increases without the PSCs. The overall effect on global total O3 is a slight decrease in the O3 depletion caused by the aircraft. This can be seen in Table 3 , which gives the base and perturbed case total 03 for the runs discussed in this paper. The PSC parameterization depends on particle size distribution, supersaturation, and sedimentation assumptions. These are used to avoid the complexity of a microphysical description of PSC behavior but introduce substantial uncertainty into the calculation. However, the results are robust to fairly large changes in these assumptions, and it is likely that they are qualitatively correct.
The use of climatological temperature distributions in 2-D models eliminates the reliance on zonal mean temperatures and allows for a more realistic parameterization to be constructed. This increases the confidence that model predictions made with the improved parameterization correctly capture the behavior of the real stratosphere.
